In this study, CA46 and ST486, two Epstein-Barr (EBV) negative cell lines derived from sporadic BL, were analyzed by multicolor spectral karyotyping, G-banding, fluorescence in situ hybridization with single-copy gene probes, and comparative genomic hybridization (CGH). In addition to reciprocal t(8;14)(q24;q32) translocation involving c-myc and IgH loci, we identified a t(7;8;14)(q11.2;q24;q32) translocation in CA 46 cells and t(8;14;18)(q24;q32;q23) in ST486 cells. Both rearrangements were not previously described in BL and resulted in transposition of myc sequences in a new genomic configuration. Several DNA imbalances mapped by CGH at the same sites in both lines, may reflect recurrent genomic changes that are relevant to pathogenesis of BL. We tested the tumorigeni- 
Introduction
A significant number of leukemias and lymphomas have specific reciprocal chromosomal translocations. 1, 2 Reciprocal translocations may lead to activation of proto-oncogenes or generate new oncogenic chimeric genes. As both oncogene products and gene fusion proteins are often transcriptional factors, the disruption of transcription control might be a critical and etiologically relevant alteration in the development of certain forms of neoplasia. In addition, fusion proteins are unique tumor antigens and are potential targets for therapy design. [2] [3] [4] [5] Because recurrent chromosomal translocations provide cytogenetic and molecular markers for the diagnosis, prognosis and detection of minimal residual disease, they have been analyzed by a variety of molecular and conventional cytogenetic procedures. The advancements in molecular cytogenetics through the development of FISH-based protocols for gene localization, global detection of genomic imbalances, and multicolor visualization of structural chromosome changes, have propelled the analysis of cancer cells to an unprecedented level of resolution. 6, 7 Characteristic for Burkitt's lymphoma (BL) are translocations involving the c-myc locus on chromosome 8q24 to any of the three immunoglobulin genes loci on chromosomes 14q32, 2p11 or 22q11. 8 Although all the translocations result in cmyc gene deregulation, the position of the breakpoints may vary from case to case. The breakpoint in most common translocation t (8;14) cluster within or near myc locus. 9 In two BL cell lines, CA46 and ST486, the breakpoints involve an almost identical site within the first intron of c-myc. 10 In both lines, the first noncoding exon of the gene is retained on chromosome 8, while the coding sequences of the second and third exon are translocated to, and rearranged with different regions of the IgH locus on chromosome. 10 Even though CA46 and ST486 lines have been used to clone and sequence the translocated myc gene in BL, their cytogenetic characterization was not reported. 10 We analyzed these lines by several molecular cytogenetic techniques and found novel rearrangements involving c-myc gene and genomic imbalances that may be important to the pathogenesis of this malignancy.
Materials and methods
CA46 and ST486 cell lines derived from sporadic BL (ATCC, Rockville, MD, USA) were cultivated in RPMI 1640 medium supplemented with 10% fetal bovine serum and antibiotics. Both lines are Epstein-Barr virus (EBV) nuclear antigen-negative. Chromosomes were prepared using standard hypotonic KCl and methanol/acetic acid fixation procedures.
For CGH, DNA was isolated from cultured cells according to standard phenol-extraction protocols. Genomic DNA from cell lines and from normal human cells, were labeled by nicktranslation with biotin (Bio-16-dUTP, Boehringer Mannheim, Mannheim, Germany) and digoxigenin (Dig-11-dUTP, Boehringer Mannheim), respectively, and hybridized to chromosomes prepared from normal lymphocyte cultures. The original CGH protocol with minor modification as previously described in detail, was employed. 6 SKY analysis was performed as previously described.
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Chromosome probe cocktail labeled by Spectrum Orange, Texas Red, CY5, Spectrum Green, and Cy5.5, was denatured and hybridized on denatured target slides. Visualization for biotin-and digoxigenin-labeled DNAs of the probe-cocktail was carried out using avidin-Cy5 (Amersham, Piscataway, NJ, USA) and antidigoxigenin-Cy5.5 antibody (Sigma, St Louis, MO, USA). An interferogram for each metaphase was generated using SD200 Spectracube (Applied Spectral Imaging, Carlsbad, CA, USA) mounted on Zeiss Axioscope II fluorescent microscope equipped with custom-made optical filter (Chroma Technology, Brattleboro, VT, USA), and spectral information, upon recovery by Fourier transformation, was used to produce multicolor digital image with red, green and blue colors assigned to certain ranges of recorded spectrum. Further analysis and classification were performed in SKY View 1. 5 karyotyping software (Applied Spectral Imaging) using a Windows NT Workstation.
Biotin-and digoxigenin-labeled chromosomes 8 and 14 painting and telomeric probes, chromosome-arm probes for chromosome 1, a genomic myc probe (Oncor, Gaithersburg, MD, USA) as well as YAC probes for regions 1q21-q25 were used for FISH. Detection of the hybridization signal, digital image acquisition, and analysis were carried out as previously described. 12 Cells derived from each line were tested for tumorigenicity in SCID mice (NCI Breeding Facility, Bethesda, MD, USA). Each group of five animals, was injected intraperitoneally with a 0.5 ml of suspension in complete medium containing 1 × 10 6 and 2 × 10 6 cells. Animals were examined weekly for tumor growth. For histopathologic examination pieces of tumor tissue were fixed in formalin buffer, embedded in paraffin, cut, deparaffinized and stained with hematoxylin and eosin.
Results
The profile of cytogenetic alterations in CA46 and ST468 lines was determined by SKY, G-banding, CGH and FISH, shortly after the cells were received from ATCC, as well as after extensive subculturing. A combined molecular cytogenetic analysis Leukemia allowed an unequivocal identification of all structural rearrangements, including their precise derivation, as well as the localization of breakpoints and genomic imbalances.
SKY results are based on 20 complete multicolor karyotypes which include inverted DAPI banding for each of the metaphases. G-banding analysis was based on 10 separate trypsin/Giemsa-banded karyotypes in each line. Three clonal subpopulations were observed in CA46 line. The largest subpopulation of approximately 50% of the cells, had reciprocal t(8;14)(q24;q32) translocation involving c-myc and IgH loci (Figure 1a) , an intrachromosomal rearrangement of chromosome 1, and in the majority of cells, trisomy 16. A fraction of these cells had trisomy 7 and most likely were the progenitor of two other subpopulations carrying secondary translocations t(7;8;14)(q11.2;q24;q32) and t(7;13)(q11;p11), both involving chromosome 7 (Figure 1b and c) . These alterations resulted in loss of chromosome 7 material. In balanced t(8;14) translocation, the segment from chromosome 14 of approximately 150 Kb 13 translocated on chromosome 8 was not visible by SKY or by painting with chromosome 14 probe, but was detected by FISH with chromosome 14 telomeric probe (Figure 2a ). Cells with this karyotype, after hybridization with myc genomic probe, had three signals on chromosome 8, der (8) and der (14) (Figure 2b ). Secondary t(7;814) translo- cation was discernible only by SKY and derived from t (8;14) in which the telomeric region of the der(14) carrying myc sequences fused with part of chromosome 7 (Figure 1c ). These cells had three FISH signals for myc gene located on chromosome 8, der (8) , and on der (14) at the junction of chromosomes 7 and 8 ( Figure 2c) .
Abnormality of chromosome 1 was observed in all three subpopulations. SKY and G-banding analysis indicated a complex intrachromosomal rearrangement. In order to gain insight into the nature and the mechanism involved in this abnormality, FISH with specific probes was used. Painting with chromosome-arm probes showed that a piece from 1q was inserted into 1p, whereas FISH with YAC probes for bands 1q21, 1q23, 1q24 and 1q25 revealed that the abnormality consisted of duplication followed by inversion and insertion of region 1q11-24 into 1p (Figure 1a, b, c and Figure 3a) . Cells from CA46 line had three signals for YACs 1q21, q23 and q24, respectively, on both arms of the rearranged 1 (Figure 3a) . Thus this anomaly is defined as der(1) inv dup(q11-24).
ST486 line had a uniform karyotype with reciprocal translocation t(8;14)(q24;q32) and a t(8;14;18)(q24;q32;q23) translocation involving the telomeric region of the der(14) carrying 8q material and distal segment of the long arm of chromosome 18 ( Figure 1d) . As a result of these rearrangements, myc sequences were dispersed at four sites on chromosome 8, der(8), der (14) and der (18) (Figure 2d ). Other consistent changes were a rearrangement of chromosomes 1 and 16 depicted by SKY as t(1;16), a t(15;15)(p13;q21) translocation and trisomy 7 (Figure 1d ). The rearranged derivative 16 chromosome stained dark on trypsin G-banded preparations (Figure 4 ) and bright on DAPI stained chromosomes ( Figure  3b ). FISH analysis with YAC probes for bands 1q21, q23, q24 and q25 showed that this rearranged derivative(16) chromosome contains a tandem triplication of region 1q21 resulting in a total of five copies of this region and no duplication of bands 1q23, q24 and q25 (Figure 3b ).
CGH profiles obtained by averaging a minimum of 25 individual metaphase profiles for each line is shown in Figure 5 . Duplicate experiments resulted in similar average profiles. Due to the variability of repetitive DNA sequences, the centromeric and heterochromatic chromosome regions were excluded from analysis. Several conspicuous telomeric imbalances, smaller than a band of an average size, even though common to both lines, were not included in the total list of imbalances shown in Table 1 .
The average ratio profile of both lines is shown in Figure 5 and positional mapping of imbalances at specific regions is presented in Table 1 . Overrepresentations on chromosomes 1, 7, 16, 19, 22 and X, and underrepresentations on chromo-
Figure 4
G-band karyotype from a ST486 cell arranged according to spectral karyotyping results. The chromosome banding allows precise localization of the breakpoints in abnormal chromosomes.
Leukemia somes 3, 4, 8, 9, 11, 13, 18 and Y were identified in both lines (Table 1) .
To correlate the profile of genetic alterations with tumorigenicity, 1 × 10 6 and 2 × 10 6 cells from each line were injected into the abdominal cavity of SCID mice. In two separate experiments, only CA46 cells produced progressively growing tumors 2-3 weeks after inoculation. Histologically, these tumors were consistent with a diffuse noncleaved cell lymphoma having a characteristic starry-sky pattern and diffusely infiltrating the tissue. The tumor cells were monomorphic and exhibited a high mitotic rate. Only one tumor from a total of 10 animals inoculated with ST486 cells was observed 40 days after cell inoculation ( Table 2) .
Cells derived from a tumor developed in SCID mice after the inoculation of CA46 were also examined at the earliest passages in cultures. All three populations were represented in similar proportion and had an identical karyotype as the inoculated cells.
Discussion
This combined molecular cytogenetic analysis of BL-derived cell lines demonstrates new rearrangements of myc gene, whose deregulation is critical to the development of this malignancy, as well as DNA copy-number imbalances that may be important genetic changes in pathogenesis of BL.
Translocations t(7;8;14) and t(8;14;18) are new rearrangements involving myc gene that may be relevant to the initiation and progression of BL. The complete derivation of such complex and hidden abnormalities by SKY, illustrates the power of this technique to detect chomosome changes in cancer cells.
14 Translocation t (7;8;14) in CA 46 cells which derived from the reciprocal t(8:14) translocation through
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Figure 5
Comparative genomic hybridization profiles of CA46 (a) and ST486 (b) cell lines.
breakage and reunion with a third chromosome, is likely to be a secondary alteration. Its occurrence was accompanied by partial loss of chromosome 7 and loss of a copy of chromosome 16. On the other hand, t(8;14;18) translocation in ST486 cells, may have occurred concomitantly with t(8:14) through a three-chromosome rearrangement consisting of breakage followed by partial duplication and transposition of 14q32 to chromosome 18. Region 18q22-23 may be a recurrent site for breakage and reunion in a subset of BL, as in another case having a duplicated t(2;8) translocation which also had a translocation t(2;18) with breakpoint at 18q22. 15 Translocation t(8;14;18) in ST486 cells, placed IGH and myc genes in a new genomic configuration. This event, however, did not alter the level of myc transcription, which is similar in both lines. 10 In a previous report using hybridization of size-fractionated DNA and FISH with myc cDNA probe, chromosomal and extrachromosomal amplified elements were detected in CA46 and ST486 cells. By FISH, three double symmetrical fluorescent signals, and one to four extrachromosomal single signals, were detected in more than 85% of the cells from both CA46 and ST486 lines. It was concluded that amplified copies of the translocated myc exons are associated with chromosomal DNA only in ST486 cells and persistent extrachromosomal elements are present in both lines. 16 The presence of amplified myc exons is consistent with our FISH detection of additional double signals on der t(8;14;18) to a total of four copies in ST486 line. Notably, the CGH profile shows DNA overrepresentation confined to 8q24. In contrast, we observed single spots outside chromosomes, inherent of the hybridization background, only in rare metaphases in both lines. Thus, our FISH observations with these lines are not compatible with the presence of extrachromosomal elements.
Only two cases of BL have been examined by CGH: in one case, a high level amplification of 2p23-p25 involving n-myc gene was detected, 17 and in the second one, derived from a patient seropositive for HIV, DNA copy-number gains in five, and losses in two chromosomal regions were identified.
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CA46 and ST486 lines have a high incidence of chromosomal gains and losses. The detection of common genomic changes suggests that BL has a distinct, nonrandom pattern of DNA copy-number alterations. There was a remarkable correspondence between SKY and CGH profile, and structural alterations show once more the usefulness of combined analysis in detecting genomic changes in cancer cells.
The difference in tumorigenic potential of these cell lines was striking and their use may serve as a model for studying genetic changes and genes involved in tumorigenicity. A series of recent studies with solid tumors showed that aggressive tumors have a higher number of copy alterations per case. 19 Along this line, the degree of tumorigenicity of several breast carcinoma cell lines correlated with the extent of genomic changes. 20 This is not the case with these BL lines, as CA 46 cells which were aggressive in vivo have a lower incidence of genomic imbalances than the weak tumorigenic ST486 Leukemia cells. In hematological malignancies, secondary alterations are frequently associated with a more aggressive phenotype and poor prognosis. [21] [22] [23] It is tempting to speculate that the occurrence of such a secondary change may explain the high tumorigenic potential of CA46 cells. Two observations, however, argue against this possibility. First, the subpopulation carrying the secondary t(7;8;14) translocation was minor compared to the others and remained the same after extensive subculturing. Second, all three subpopulations were represented in similar proportions in tumors developed in SCID mice.
Alterations of chromosome 1q may be the most important to the BL cells behavior in vivo. It has been known for some time from conventional cytogenetic studies, that partial duplication 1q is the second most frequent change in BL and acute lymphoblastic leukemia (ALL) type L3 Burkitt-like. 21, [24] [25] [26] [27] [28] Duplication 1q involves variable bands but always band 1q23. This abnormality was considered the functional equivalent of the EBV infection as it occurs in the absence of EBV infection and involve bands 1q23-24. 28, 29 Although both CA46 and ST486 cells exhibit alteration 1q, our combined CGH, SKY, FISH and G-banding analysis conclusively demonstrates that only highly tumorigenic CA46 cells had duplication 1q23-q24. Remarkably, the length of DNA copy-number overrepresentation in CGH profile corresponded with the copy-number of YAC signals on 1q ( Figures  4 and 5) . This is an important observation since a strong association between partial duplication of 1q and poor prognosis was found in 148 cases of BL/ALL-L-326. Furthermore, cell lines with 1q alterations are highly or moderately tumorigenic. 30 This may partially account for CA46 cell aggressive behavior in vivo. ST486 cells had two normal copies of chromosome 1 and a triplication of the region 1q21 as a part of a rearrangement involving chromosomes 1 and 16. Therefore, in ST486 cells chromosome 1 alteration consists of multiplication (five copies) of the region 1q21. While alterations 1q may be important in the initial stages of BL development in the absence of EBV infection, duplication of bands q23-q24 may be critical during progression and the acquisition of an invasive tumor phenotype. The SKI, TRK and S100 tumor progression and metastasis genes, as well as BLC9 gene cloned from a translocation 1;14 in B cell acute lymphoblastic leukemia are localized within the region of 1q duplication. [31] [32] [33] [34] Future investigations are warranted to see if any of these gene or other genes are altered in BL due to partial 1q duplications.
